Using permeabilized gonadotropes, we examined whether Ca2l-stimulated luteinizing-hormone (LH) exocytosis is mediated by the Ca2+-activated phospholipid-dependent protein kinase (protein kinase C). In Ba2+. These data strongly suggest that Ba2+ and Ca2+ act through the same mechanism. Since Ba2+ is a poor activator of protein kinase C, these findings are additional evidence against a major role for protein kinase C in mediating Ca2+-stimulated LH exocytosis.
INTRODUCTION
Ca2+ is the dominant regulator of secretory exocytosis in a variety of cells (for reviews, see Berridge, 1985; Baker & Knight, 1986) . The binding of GnRH to specific receptors on the gonadotrope plasma membrane stimulates a rise in cytosolic [Ca2] frree (Limor et al., 1987; Shangold et al., 1988; Tasaka et al., 1988) which is thought to be the major stimulus for LH exocytosis (for review, see Huckle & Conn, 1988) . The mechanism by which Ca2" stimulates exocytosis is not known, but one possibility is via activation of the Ca2+-sensitive protein kinase, protein kinase C (Baker & Knight, 1986; Nishizuka, 1986) . In view of the absence of specific inhibitors of protein kinase C (Rando, 1988) , studies on a putative role for protein kinase C in Ca2+-stimulated exocytosis have relied on the down-regulation of protein kinase C by prolonged incubation with phorbol esters (Phillips & Jaken, 1983; Rodriguez-Pena & Rozengurt, 1984) . Ca2"-stimulated exocytosis was decreased after protein kinase C down-regulation in adrenal chromaffin cells (Burgoyne et al., 1988) , but not in PC12 cells (Matthies et al., 1988) nor in pancreatic islets (Hii et al., 1987) , suggesting heterogeneity in the mechanism of Ca2+-stimulated exocytosis. However, experiments utilizing protein kinase C down-regulated cells have several drawbacks (see the Discussion section), which makes their interpretation difficult. This is illustrated by the conflicting results obtained in two studies which used protein kinase C down-regulated anterior pituitary cells to investigate the requirement for protein kinase C in GnRH-stimulated LH exocytosis Stojilkovic et al., 1988) .
We have previously characterized Ca2+-and phorbol-esterstimulated LH exocytosis in sheep anterior pituitary cells permeabilized with Staphylococcus aureus ac-toxin (van der Merwe et al., 1989) . In the present study we have used several different approaches, in addition to protein kinase C down-regulation, to provide evidence that Ca2+ stimulates LH exocytosis by a mechanism independent of protein kinase C activation.
EXPERIMENTAL Materials
Purified freeze-dried Staph. aureus a-toxin was obtained from Dr. Sucharit Bhakdi (Institute of Medical Microbiology, JustusLiebig University, Giessen, Germany) and was stored at -20°C.
Staurosporine, obtained from Boehringer-Mannheim (Mannheim, Germany), was dissolved in Me2SO at I mm and stored at 4 'C. Sheep LH (NIADDK-oLH-1-3) and antiserum against it (NIADDK-anti-oLH-1) were kindly provided by the NIDDK (through the National Hormone and Pituitary Program, University of Maryland School of Medicine). Other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A).
Methods
Cell culture. Primary sheep anterior pituitary cell cultures were prepared as described previously (van der Merwe et al., 1989) . Briefly, fresh pituitaries were dispersed by collagenase digestion, plated at a density of 4 x 105 cells/well in 12-well cell-culture plates (Nunc, Copenhagen, Denmark) and used after 48 h of culture in minimal essential medium containing 10%, (v/v) (Martell & Smith, 1976; Fabiato, 1981) which were adjusted for use at 37 'C by using enthalpy changes, where available, as described by Martell & Smith (1976) . CaEGTA buffers of various Ca2+/EGTA ratios were prepared by mixing stocks of Ca-free EGTA and CaEGTA(l :1) (Ca2+/EGTA ratio 1: 1) prepared from the same batch of EGTA and which therefore had identical EGTA concentrations (160 mm, assuming 970% EGTA purity). CaEGTA(l:1) was prepared by end-point titration with calcium oxalate precipitation as the end-point (Miller & Smith, 1984 (Fig. 3) . Cells incubated for prolonged periods with high concentrations of PMA become desensitized to PMA as a result of proteolytic degradation of cellular protein kinase C (Phillips & Jaken, 1983; Rodriguez-Pena & Rozengurt, 1984; Melloni et al., 1986; Young et al., 1987) . Anterior pituitary cells exposed to a high concentration of PMA for 24 h did not release LH in response to subsequent stimulation with PMA, indicating desensitization (Fig. 4a) . Ca2+ was still able to stimulate LH exocytosis in these PMA-desensitized cells, although the absolute amount of LH released was decreased (Fig. 4a) (Fig. 4b) .
Since Ba2+ is a poor activator of protein kinase C in vitro (Takai et al., 1979; Sekiguchi et al., 1988) , and yet is a powerful LH secretagogue in intact pituitary cells (Davidson et al., 1987b; Smith et al., (Fig. Sa) . As was the case with Ca2+ (Fig. 1) (Fig.  Sb) . Ba2+-stimulated LH exocytosis was half-maximal at pBa 3.6, a concentration 100-fold higher than the Ca2+ (Fig. 6) . Concentrations of Ba2+ higher than pBa 3 inhibited LH exocytosis (Fig. 6 ) in a manner similar to the inhibition of LH exocytosis by very high Ca2+ concentrations (Fig. 6) (Sekiguchi et al., 1988) . These results suggest that the protein kinase C activated by PMA in gonadotropes is largely Ca2+-independent, which is in agreement with the finding that the major rat pituitary protein kinase C isoenzyme (type II or /5) (Yoshida et al., 1988) shows only slight Ca2+-dependence when compared with the type I (y) and III (a) isoenzymes (Sekiguchi et al., 1988 
. LH exocytosis was initiated by replacing with identical medium at 37°C, and LH released over the next 10 min was measured.
Also shown is the concentration-dependence of Ca2"-stimulated LH exocytosis (----) drawn from data in van der Merwe et al. (1989) .
is sensitive to PMA, but not to Ca2"; or (b) that PMA and Ca2+ stimulate LH release from the same store, but that the Ca2+ mechanism becomes desensitized before depletion of releasable LH occurs. Although our results cannot distinguish between these two possibilities, both these explanations imply that Ca2+ is not acting through protein kinase C. Thirdly, the protein kinase C inhibitor staurosporine had little effect on Ca2+-stimulated LH exocytosis, though it blocked PMA-stimulated LH exocytosis. Although staurosporine is a non-specific protein kinase C inhibitor, in that it also inhibits protein kinase A (Tamaoki et al., 1986) and myosin light-chain kinase (Watson et al., 1988) , the absence of an inhibitory effect is strong evidence that Ca2+-stimulated LH exocytosis is not mediated by protein kinase C.
Fourthly, Ca2+ stimulates LH exocytosis in cells completely desensitized to PMA. Although not demonstrated directly here, it is likely that this desensitization results from depletion of protein kinase C (Phillips & Jaken, 1983; Rodriguez-Pena & Rozengurt, 1984; McArdle et al., 1987; Stojilkovic et al., 1988) . Experiments in which protein kinase C is depleted by prolonged phorbol ester stimulation are difficult to interpret for the following reasons. (a) Prolonged activation of protein kinase C by phorbol ester is likely to result in pleiotropic cellular changes, owing to phosphorylation of multiple proteins (Nishizuka, 1986) . Thus observed changes may be due to mechanisms other than down-regulation of protein kinase C. (b) Prolonged exposure to phorbol ester results in depletion of LH stores, despite LH synthesis Stojilkovic et al., 1988 ; the present work), and this is likely to decrease the amount of releasable LH. It is not clear how one might correct for this effect . Finally, (c) the rate of protein kinase C down-regulation varies between cell types (Adams & Gullick, 1989) and between different isoenzymes (Huang et al., 1989; Kishimoto et al., 1989) . Together, these considerations suggest that experiments conducted on protein kinase C down-regulated cells should be interpreted with caution and should not be used as the only evidence for or against a role for protein kinase C in cellular processes. Fifthly, in agreement with studies on catecholamine exocytosis using PC-12 cells (Mattheis et al., 1988) , Ba2+ was able to stimulate LH exocytosis, even though Ba2+ is a poor activator of protein kinase C in vitro (Takai et al., 1979; Sekiguchi et al., 1988) , and in fact inhibits the type II or , isoenzyme (Sekiguchi et al., 1988) , which is the major isoenzyme present in the rat pituitary (Yoshida et al., 1988 (Conn et al., 1981; Davidson et al., 1987a) . However, these hydrophobic agents lack specificity in that they have effects on surface membrane potential (McLaughlin & Whitaker, 1988) , inhibit protein kinase C (Sanchez et al., 1983) , and bind to several non-calmodulin proteins in a Ca2+-dependent way (Moore & Dedman, 1982) . In agreement with these findings, we have found that the antipsychotic phenothiazine trifluoperazine inhibits Ca2+-, Ba2+-and PMA-stimulated LH exocytosis in permeabilized cells with equal potency (P. A. van (Chao et al., 1984; Kuret & Schulman, 1984) . In support of this, we have found that calmidazolium, a much more potent and specific calmodulin inhibitor than trifluoperazine (Gietzen et al., 1981) , does not inhibit Ca2+-stimulated LH exocytosis (P. A. van der Merwe & J. S. Davidson, unpublished work) .
The opposite conclusion about the target for Ca2+ in exocytosis has been reached in studies on permeabilized bovine adrenal chromaffin cells (Burgoyne et al., 1988; Knight et al., 1988) . Burgoyne et al. (1988) demonstrated moderate inhibition of Ca2+-stimulated exocytosis in protein kinase C down-regulatedcells, and concluded that protein kinase C has a major role in Ca2+-stimulated exocytosis. Knight et al. (1988) tested a range of protein kinase C inhibitors (but not staurosporine) and found none that did not also inhibit Ca2+-stimulated exocytosis. However, these results may simply reflect a lack of specificity of the agents used. They also found that exocytosis and protein kinase C (purified from bovine adrenal medulla) had similar cation and nucleotide specificities (Knight et al., 1988) . Although these data are consistent with a role for protein kinase C in exocytosis, they do not constitute proof of one.
Our findings suggest that protein kinase C is not a mediator of the acute LH exocytosis stimulated by a GnRH-induced increase in intracellular [Ca2 ] ,ree. Although the precise role of protein kinase C is not known, there is some evidence that it mediates (a)
GnRH stimulation of LH fl-subunit gene transcription and (b) the modulatory effects of GnRH on the GnRH receptor (Conn, 1989) .
In conclusion, our results indicate that Ca2+ stimulates LH exocytosis by a mechanism which does not involve the activation of protein kinase C. Our results also argue against a role for calmodulin in Ca2+-stimulated LH exocytosis. Although our data do not suggest what the Ca2+ target is, there are a large number of Ca2+-sensitive proteins which have already been identified which may mediate Ca2+-stimulated exocytosis (Weeds, 1982; Martin & Creutz, 1987; Suzuki, 1987; Pollard et al., 1988;  Burgoyne & Geisow, 1989; Martin & Walent, 1989) .
